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Abstract
A preliminary discussion is given of the prospects that gravitational-wave observations
of binary inspiral of black holes could reveal or constrain quantum modifications to black
hole dynamics, such as are required to preserve postulates of quantum mechanics. Different
proposals for such modifications are characterized by different scales, and the size of these
scales relative to those probed by observation of inspiral signals is important in determining
the feasibility of finding experimental signatures. Certain scenarios with strong quantum
modifications in a region extending well outside the horizon are expected to modify classical
evolution, and distort the near-peak gravitational wave signal, suggesting a search for
departures from waveforms predicted by general relativity. The near agreement of the
GW150914 signal with such waveforms is discussed, and indicates constraints on some
such scenarios. Important strategies for more precise future tests are 1) to develop more
precise predictions from scenarios proposing quantum modifications, and 2) searching for
observed deviations from numerical relativity predictions via analysis of gravity wave data,
particularly focussing on the signal region corresponding to plunge and merger.
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1. Quantum structure and gravity wave observations
The unitarity crisis (sometimes called information paradox) for black holes brings into
stark focus the need to modify one or more of the cherished principles underlying local
quantum field theory. In particular, no formulation has been found of a local quantum
description of black holes, which ultimately respects the principles of quantum mechanics.
Specifically, a description of black hole (BH) evolution that obeys the unitarity prin-
ciple of quantum mechanics requires that quantum information that falls into a black hole,
or information that is lost to the interior due to the Hawking process, must ultimately
escape the black hole.1 This contradicts a local and semiclassical picture of evolution,
in which escape of information, which would require its faster-than-light propagation, is
forbidden by the locality principle of quantum field theory.
In order to save quantum mechanics, the picture of local quantum propagation on a
semiclassical spacetime must therefore be modified so that information can escape a black
hole, or even more radical assumptions need to be made. These modifications must extend
over a scale at least the size R of the horizon radius, in order to allow transfer of information
out of the black hole. If one takes the viewpoint that we must accept such modifications,
but would like to maintain as many of the predictions of semiclassical physics and local
quantum field theory as possible, stringent constraints are placed on possible scenarios.
There are also good reasons – such as the desire to preserve black hole thermodynamics
– to believe that such modifications should in particular take the form of modifications of
the semiclassical spacetime description.
The scales on which such modifications become relevant are clearly important. One
hypothesis[4] is that they extend over a radial distance R – from the center of the black
hole to the horizon – but then sharply end there, within a Planck length of the horizon.
This scenario is highly-tuned and appears unnatural, and in fact has been argued to imply
a drastic breakdown of spacetime at the horizon[5,4], now commonly called a “firewall.”
Another hypothesis[6-13] is that these new effects extend over a range of size ∼ R outside
the horizon, avoiding such tuning and the violent breakdown of spacetime at the would-be
horizon.
Our focus is on whether such scenarios can be observationally probed through careful
study of gravitational-wave signals from binary inspiral of black holes. A discussion of
1 This statement can be made more sharply in terms of the a required transfer of entanglement
from the black hole[1-3].
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this begins by characterizing the relevant scales[14].2 One might not expect new effects
modifying the semiclassical evolution of a black hole to extend far outside it’s strong gravity
range; we will call the distance scale outside the horizon on which there are such sizeable
(e.g. O(1)) modifications to the standard evolution Ra, and we thus expect that Ra is
of size Ra ∼ R or smaller. A second scale is that on which new effects vary; this is a
“hardness” scale, which we will call L. It is certainly possible that L ∼ Ra but also one
can consider much more rapid variations, L≪ Ra.
To illustrate use of these parameters, the firewall scenario assumes that Ra ∼ L ∼
lPlanck, or is determined by some other microscopic length scale. A less violent hypothesis[6-
13] is that Ra ∼ R
p, L ∼ Rq, so that the scales increase for larger black holes; the simplest
case is obviously p = q = 1. Finally, a third kind of proposal has been conjectured, that
of fuzzballs[16], where stringy higher-dimensional geometry becomes relevant outside the
would-be horizon. While no specific description of fuzzball states for Schwarzschild or
Kerr geometries has been given, one expects such a description would have a “harder”
(higher-momentum) character, e.g. with large average squared curvatures, since these
states would involve the higher dimensional geometry and/or stringy structure. Thus, this
third scenario at least raises the possibility that L ≪ Ra – i.e. L is given by a short
distance cutoff scale, but the region over which departures from standard geometry extend
ranges much further, even perhaps to an Ra ∼ R.
Our ability to test such possible modifications of the geometrical description through
gravitational-wave emission depends in part on comparison of these scales with the scales
relevant for the binary inspiral. For simplicity, consider an equal mass binary, with two
Schwarzschild black holes each with R = 2m, which coalesce to form a black hole with
radius Rf ≈ 2R. Gravitational waveforms for such a process have been well-studied (for
reviews see [17,18]), but it is important to identify the corresponding configuration of the
black holes at different stages in the inspiral. A useful reference drawing a correspondence
between the emitted waveform and this configuration – based on numerical simulation
– is [19]. In outline, the inspiral terminates with a final plunge, once the BHs reach
an approximate analog of the innermost stable circular orbit, at separation d ∼ 12R.
Here they then plunge towards merger, via formation of an apparent horizon, expected to
happen at d ∼ 4R.3 These happen a time >∼ 12R and 6R, respectively, before the peak
2 For related comments see [15].
3 Care is needed to make a gauge-independent statement[19].
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power output of the gravitational-wave signal, in rough consistency with the observation
that even at apparent-horizon formation, the tangential velocity still dominates radial
velocity.
Comparing the scales of proposed quantum modifications to geometry to those of
inspiral gives us important information about whether one can look for signals to observe
or constrain different quantum scenarios. For example, if all modifications are confined to
a region within Ra ∼ lPlanck of the horizons of the infalling black holes, as for firewalls[4],
these modifications should not reach out to influence the inspiral/plunge; and once an
apparent horizon forms one expects it to encompass the original horizons, cloaking any
possible signal from the new structure.
The more natural case L ∼ Ra ∼ R[6-13] clearly offers more promise for observa-
tion/constraints. If, for example, Ra = R, extending just past the light-orbits of the
infalling black holes (which are at Schwarzschild coordinate r = 3R/2), and if there are
significant modifications to the geometrical description here, these modifications are ex-
pected to influence the mutual motion of the black holes, and the gravitational-wave signal
in the final part of the plunge to near apparent-horizon formation at d ∼ 4R.
Alternately, in the case of macroscopic, hard structure (Ra ∼ R, L ≪ Ra), which
might be conjectured to arise from fuzzballs, one expects interaction of this structure
should lead to hard/high-energy components of the radiation from the merger.
Already, then, first signals from binary mergers should start to indicate tests for
quantum modifications needed to save unitarity. For example, certainly an unexpected
component of hard radiation near merger (if resolvable) would point to hard structure,
and its absence conversely would constrain such structure.
But what about the case of soft, but strong, modifications to gravity, that have been
proposed in [6-13]? Here, if strong modifications to the geometry extend to sufficient
distances Ra ∼ R, one expects one could see modifications to gravitational wave signals
near the peak in energy, from the region where the BHs approach merger and the quantum-
modified regions overlap. Specifically, for sufficiently strong modifications one would expect
significant departures from the classical general relativity (GR) predictions, in this region
of the signal.
Another potential window of opportunity is offered by the ringdown of the final black
hole, governed by the quasinormal modes in the standard scenario. If there are new
quantum effects, these could produce anomalies in the ringdown dynamics. However,
there is a bigger uncertainty[14] – that of when such new effects manifest themselves for
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a newly-formed black hole. If new effects outside the horizon take a time that is longer
than the ringdown to reach significant size, they would not then be visible. In contrast,
while there are similar timescale uncertainties with the initial black holes, these will have
existed for a much longer time, decreasing this kind of uncertainty.
Obviously more quantitative statements are strongly desired. One approach to de-
scribing, in an effective field theory approach[11-13], the possible strong-but-soft modifi-
cations to classical geometry is through deviations from the classical metric,
gµν = gµν
class
+Hµν , (1.1)
as discussed in [14]. One can think of these as fluctuations in the effective metric that
depend on the quantum state of the black hole. One wants to consider perturbations that
are nonsingular on the would-be horizon, so a useful parameterization uses coordinates
like the Kerr coordinates (v, r, θ, φ˜) (where v is an advanced coordinate) which are regular
there, e.g. taking the general form
Hµν ∼ f(r, v)e−iωv+ikrYlm(θ, φ˜) . (1.2)
Here f is a window function which localizes to the region of extent Ra near the horizon;
k ∼ 1/L models the “hardness” of the perturbation. An approach to characterizing the
sensitivity of the gravitational-wave signal to such new effects is to initialize simulations
with data where the incoming black holes, near merger, have such perturbed metrics. Of
course, we are still lacking a more fundamental framework to describe the full dynamical
evolution responsible for such perturbations. But, an initial understanding of sensitivity
to their effects would be expected to be found by considering such data, enforcing the
constraints, and following its standard Einsteinian evolution. For example, in the case
of test probes (massive or massless) of a single black hole, ref. [14] argued that such
perturbations of sufficient strength lead to O(1) deviations in the geodesics over a range
comparable to an orbit. While analyzing the analogous detailed effects in the strong
region of merging black holes is clearly a formidable numerical task, one expects similar
statements to hold there.
Then, one expects possible O(1) deviations from the classical geometry of merger,
with commensurate contribution to the gravitational wave signal. In particular, the fact
that such perturbations generically decrease the symmetry of the problem strongly sug-
gests a more irregular signal and increased power in the near-peak signal. This points to
the importance of a search for such anomalies, which could give the first indication of a
discovery of quantum black hole structure, and provide strong impetus to a more careful
analysis.
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2. Post-GW150914 update
The preceding discussion was written prior to LIGO’s announcement of the GW150914
detection[20], and so it is important to assess the situation in light of this historic obser-
vation. In short, the GW150914 event provided data that was very close to numerical
predictions of classical general relativity. One way to see this is to look at the residuals in
fig. 1 of [20]. To suppress noise from individual detectors, these residuals are multiplied,
using the publicly-available raw data[21]; the result is shown in fig. 1.
Fig. 1: The product of the residuals for GW150914 from the Hanford and
Livingston detectors is shown in black; also shown, for reference, are the in-
dividual Hanford and Livingston signals. The region corresponding to plunge
and merger (generously, 0.37 − 0.43 s in the plot) is indicated. The residual
here is similar in character to that in the earlier inspiral region; compare, e.g.,
the range up to 0.35 s. This indicates consistency of the residual with noise,
rather than it being due to signal effects due to GR modifications during
plunge and merger, at the level of sensitivity accessible via this signal. (Plot
by S. Koren.)
An important point is that the combined residuals (black curve) in the vicinity of
plunge/merger are very similar to those in the earlier inspiral regime, as can be seen from
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direct inspection of the figure. This suggests compatibility of the observed residual with
noise, as opposed to a significant signal deviation from classical GR. For example, the
largest spike in the combined residuals falls outside the plunge/merger regime. The spikes
in the plunge/merger regime have amplitudes, widths, and spacings that are similar to
those in the pre-plunge regime, as can be seen by eye. Given the limits arising from
the use of one event, it may be difficult to go much further with a more sophisticated
analysis, but once more events are found where there is sensitivity to these phases, it may
be possible to apply more sophisticated statistical tests for small departures. Other tests
for departures from GR include comparison of the final BH mass to that predicted by GR,
given the measured inspiral parameters, with good agreement shown in [22]. Thus, clearly
this first gravity wave detection does not reveal large departures from classical GR.
An example of the possible effects of departures from classical vacuum BH mergers is
provided by the case of neutron star(NS) mergers; these illustrate some kinds of deviations
that can occur. A recent nice discussion of the effects of different NS equations of state on
gravitational waveforms is given in [23]. The neutron star radii are analogous to the radius
∼ R+Ra described in the preceding section. Once the neutron star surfaces make contact,
non-gravitational scattering begins and the waveform quickly departs from that for black
holes. This is most clearly seen in fig. 2 of [23]; there, the least compact NS departs first
from the BH curve, followed by the solutions that correspond to more compact NSs. The
departures are clearly significant, i.e. O(1).
Let us compare the NS example to BH quantum structure. First, a NS surface is
significantly larger than R; for the equations of state considered in [23] the range of radii
is 2.4R− 3.2R. Quantum modifications to classical spacetime may certainly, as described
above, have a more limited range. For an extreme example, the “firewall[4]” case L ∼ Ra ≪
R certainly appears to be consistent with the LIGO signal, as the regions of deviation do
not meet until the BHs essentially “touch,” and so can remain inside the final BH.
Structure with scales L≪ Ra ∼ R, on the other hand, would be much more “neutron-
star-like,” in that the “hard” structures (rapidly varying in space, on scale L) of the two
objects collide and are generically expected to lead to additional scattering. Note that
while such scattering is expected to produce significant waveform distortion, as with the
NS case, this distortion can depend on the exact description of the quantum BH structure.
In the NS case, initially the radiated power is reduced, as the energy of collapse is diverted
into other channels (e.g. distorting the individual NSs), reducing the gravitational signal.
However, if the quantum structure in the BH case is intrinsically gravitational (e.g. rapid
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variations in the gravitational field), that suggests additional channels for gravitational
radiation, increasing the signal. Even in the NS case, such predictions depend on models
of the NS structure, so, in short, precise predictions depend on a more precise description
of the quantum structure and its evolution.
One should note that LIGO sensitivity to such structure may also be reduced by two
effects. The first is that if the quantum BH structure is more localized than that of a NS, its
scattering creates perturbations that originate closer to the horizon of the final BH. Such
perturbations are more readily absorbed by the final BH, rather than escaping to infinity,
decreasing their effect on the signal. Secondly, the GW1509014 signal is bandlimited,
largely due to noise considerations; for example the data in fig. 1 of [20] is filtered to
< 350Hz. Thus, sensitivity is lost to higher-frequency components, if present.
Similar considerations apply to the case L ∼ Ra ∼ R. Here one also expects devi-
ations in the gravitational-wave signal, but that are smaller and lower-frequency due to
the “softer” structure. In addition, in the case where Ra <∼ R, much of a signal may
be absorbed into the final BH, in line with the preceding comments, reducing observabil-
ity/power to constrain.
Nonetheless, it appears that GW150914 has already provided constraints on scenarios
with sufficiently long range and hard structure, e.g. comparable to that of neutron stars
(rescaled to the relevant mass range, M ∼ 30M⊙). To see this, note that if one rescaled
all dimensionful parameters to replace the ∼ 1M⊙ NSs of [23] with M ∼ 30M⊙ objects,
the departures shown in fig. 2 of [23] would be evident in fig. 1 of the present paper, since
the departures of the former are large in the pre-merger phase. This of course corresponds
to using a fictitious equation of state, that allows ∼ 30M⊙ analogues of NSs. But, this in
turn suggests one approach to beginning to parameterize departures from GR, and analyze
their possible effects. One can consider model equations of state that replace BHs with
exotic objects with structure outside the would-be horizon. Then one can analyze their
effects on the GW signal, in analyses extending [23] and other similar work.
For example, while no quantitative predictions are yet made for Schwarzschild/Kerr
black holes in the conjectured fuzzball scenario[16], one generically expects microstructure
at L≪ R for these; such microstructure of sufficient magnitude, if it extended toRa ∼ R, is
apparently constrained by the close agreement of GW150914 with classical GR – indicating
absence of scattering of hard structure – unless even further conjectures (e.g. fuzzball
complementarity[16]) are added. One possible approach to making this statement more
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quantitative could be to find an effective equation of state that approximated such fuzzball
dynamics.
In conclusion, this paper has argued that the parameters L,Ra are important char-
acteristics of possible quantum structure of black holes, and should be a target for more
precise descriptions of such structure. Of course, ultimately quantitative constraints ap-
pear to rely on understanding the dynamical evolution of quantum structure that would
replace classical gravity in the strongly nonlinear regime. This evolution, and study of its
departure from general relativity, is needed to actually compute waveforms that could be
compared with data. Thus, a first part of a strategy to investigate possible quantum black
hole structure is to more precisely characterize its possible nature. An intermediate, which
may have some phenomenological utility in semiquantitative description of sensitivity of
gravitational wave data, may be parameterizing deviations from classical geometries, as
indicated in the preceding section, and following their classical evolution. Alternatively,
as is outlined above, one can parameterize certain departures from usual vacuum GR in
terms of an effective stress tensor and equation of state, as is done for neutron stars, and
this is a practical approach to begin to investigate sensitivity of GW signals to structure
that replaces a BH horizon.
A second important element of a strategy for investigating possible quantum black
hole structure is, however, clearly evident – with the expectation of more gravitational
wave observations, all reasonable effort should be made to perform analysis that would
reveal departures from general relativity predictions, particularly due to modifications in
the plunge/merger phases. While some constraints on this evolution have been noted,
much of the work on constraining departures from GR has focussed on departures over the
entire inspiral[22], e.g. due to modification of PPN parameters. (However, see also [24] for
some more general discussion, in particular noting the need of any new dynamics to mimic
the high effective viscosity of GR). It is particularly important to seek sensitive tests of
the strong gravity regime, and this indicates a need to focus on constraining or observing
any small deviations from the signal predictions of general relativity that become manifest
during the corresponding plunge and merger phases.
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